We report the study of optical dephasing of Wannier-Stark ladder In this paper, we report the first transient DF%'M experiments on a superlattice with an applied electric field.
the signal with a time period varying linearly with the electric field. The time period is found to equal the temporal periodicity of Bloch oscillations, in agreement with theory. In addition, we find that the dephasing time decreases with increasing localization of the Wannier-Stark states, which is attributed to carrier escape out of the lowest miniband.
In solid-state physics, the temporal dynamics of a Bloch electron in the presence of an electric field is a fundamental quantum-mechanical problem. The so-called acceleration theorem tb e (2) where d is the length of a unit cell.
The treatment of the problem in terms of WannierStark (WS) states ' is the stationary counterpart of the time-dependent description above. The application of an electric field causes a gradual localization of the initially delocalized wave functions (Stark localization ' In this regime, the heavy-hole (hh) valence-band states are already fully localized, whereas the electron states in the conduction band are still delocalized over several superlattice periods. Accordingly, "oblique" transitions S"
are possible between a particular localized hh valenceband state and a partially delocalized electron conduction-band state, centered in a quantum well which is v periods away. ' The observed peak positions of the "interwell" transitions S I, S i, and also S -s are drawn as circles in the fan chart of Fig. 1(b Fig. 1(a) and the spectrally resolved fan chart of Fig. 1(b) , since space charge effects lead to a partial screening of the applied electric field. 's In Fig. 1(a) , the temporal evolution of the DFWM signal is shown for several applied voltages at forward bias.
As indicated by the vertical arrow in the fan chart of Fig.   1(b It should be possible to observe more than one oscillation period by using shorter pulses. We thus also perform transient DFWM experiments on the biased superlattice by using the mode-locked Ti-sapphire laser. In Fig. 2 , the temporal evolution of the DFWM signal is shown for an experimentally determined WS spacing of about 6.2 meV, which is comparable to the situation at 0.4 V in Fig. l Even without an applied electric field, the phases co(k)t of the individual dipole moments evolve differently in time due to the different (but fixed) phase velocities co(k). As a consequence, the macroscopic polarization vanishes. However, for uncoupled two-level systems the second pulse at t = z leads to a zero phase shift at 2z. The recovered macroscopic (third order) polarization then leads to the emission of a photon echo. With an applied electric field, the temporal variation of the quasimomentum k (t) [Eq. (1)1 implies that the phases fco(k(t))dt of the dipole moments now evolve according to the temporally varying phase velocities co(k(t)). As a result, the nonlinear interaction due to the second laser pulse generally does not lead to a perfect zero phase shift at the instant the photon echo should arise (t =2z). Only for specific values of the field, such that the electron is able to traverse the entire Brillouin zone and return to the initial state during the time between the pulses, i.e. , for b, the radiators will again come to be in phase at t 2i. The time-integrated photon echo signal should therefore be a periodic function of the time interval between the pulses with a time period equal to ib, as observed in the experiments presented here. For completeness, we note that this signal modulation can, alternatively, be understood in terms of quantum beats between different WS ladder transitions. However, in the WS ladder picture, it seems more difficult to anticipate the shape of the modulation, since the present experiment involves multiple optical transitions, which are coupled to each other and thus constitute a very complex system (see and a laser pulse width of 500 fs (full width at half maximum); the laser frequency is centered in between the S -ã nd S-2 transitions. In Fig. 3 , the experimentally determined DFWM curve (solid line) taken at 0.55 V is redrawn from Fig. 1(a) Fig. 1(a) , which reflects the dephasing rate I =1/T2, as mentioned above. The sequence of DFWM curves in Fig. 1(a) 
